Chiral symmetry breaking is ubiquitous in biological systems, from DNA to proteins. How do chiral structures arise from achiral interactions? We study a simple model of bacterial suspensions in three dimension that effectively incorporates active motion and hydrodynamic interactions. We perform large-scale molecular dynamics simulations (up to 10 6 particles) and describe stable (or long-lived metastable) collective states that exhibits chiral organization although the interactions are achiral. We elucidate under which conditions these chiral states will emerge and grow to large scales. The behavior of bacterial suspensions has attracted enormous interest, both experimental and theoretical, with the goal to unravel the physical mechanisms governing its collective states. These systems are out of equilibrium because the fluctuations are not directly coupled to external perturbations.
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Here, we show that a simple model of self-propelled particles (SPP) with achiral interactions exhibits a chiral symmetry breaking with the formation of stable (or longlived metastable) chiral dynamical states. We demonstrate how a small fraction (less than 2%) of the system in a chiral state is sufficient to cause of spontaneous organization into a chiral state that grows to mesoscopic scales.
We model bacterial suspensions through simple effective interaction among SPP that effectively mimic the active motion of bacteria. It is a common choice to choose a constant velocity v 0 for the SPP because at small Reynolds numbers rapid fluctuations of the velocity are exponentially damped. Although the SPP are polar, since they move in a specific direction, we choose an interaction that does not distinguish their orientation (i.e. a nematic interaction) which includes to leading order the effective hydrodynamic interactions among bacteria [3] . The equations of motion for particle i reaḋ
where r i and e i are the position and orientation, respectively, of the i-th particle, such that | e i | 2 = 1, the noise ξ is uniformly distributed on a sphere of radius η [4] , and the potential that induces nematic alignment is of the Lebwohl-Lasher form [5] 
In Eq. (2) the sum extends to the n i neighbors of particle i within a sphere of radius . A similar potential has been studied in two spatial dimensions by a number of authors [6] [Refs], however, past work has focused on the limit of fast angular relaxation, which leads to finite-difference equations γ → ∞. Instead, we explicitly solve Eq. (1) while leaving γ as an explicit parameter. We perform molecular dynamics simulations of a threedimensional system with up to N = 10 6 particles in a cubic box of volume V = L 3 . We employ a velocity-Verlet algorithm with time-step δt = 0.1 for the translational and orientational dynamics [7] and implement a monotonic logical grid algorithm [8] that allows us to reach efficiently large system sizes. We employ periodic boundary conditions in all three dimensions. We show results for SPP speeds v 0 = 0.5, and a relaxation constant γ = 0.1. The interaction range sets the length scale in our system ( = 1). Figure 1 shows the phase diagram of the system in terms of particle density ρ = N/V and Péclet number
At sufficiently small P , the system is in a stationary state characterized by nematic order independently of ρ. As observed in [9] (but in 2D), the system is homogeneous with two sub-populations moving in opposite directions. We quantify the nematic order parameter S as the largest eigenvalue of the nematic order tensor
[3 e i ⊗ e i − I]. As P increases there is a clear transition to a homogeneous, isotropic state. The critical noise at which this transition occurs depends very weekly on γ as shown in Fig. 1 
(b)
In the region of the phase diagram where S is large, the system may also develop states with where there is no single, global nematic director, but rather the local director forms a helical structure. some cross-sections of the system at different positions along the helical axis. The particles contained in each of these cross-sections still preserve nematic ordering, as that is the basic interaction, with a well-defined director, although fluctuations of e i are clearly visible (Fig. 2) . As one moves along the helical axis the nematic director slowly rotates with constant twist angle. We show in Fig. 3 how the components of the local director vary along the helical axis (conventionally called x-axis). The profiles of the y and z components of the director are very well fit by sinusoidal functions, as expected for helical structures. The pitch of the helix is twice the box size L due to the nematic alignment and the periodic boundary conditions. We observe with equal probability left and right-handed helices, and, additionally, once a chiral state is formed is stable (at least up to 2 · 10 6 time steps) [10] .
Following [11] , we calculate the chiral order parameter
where r ij ≡ r i − r j , and · represents an average performed for every particle in the system over a sphere centered on r i and radius L/4. We note that the normalization depends on the averaging radius. S χ is a pseudoscalar symmetric for e i → − e i and vanishes in both the nematic and in the isotropic case. It is normalized so that S χ = +1(−1) indicates left-handedness (righthandedness) of the chiral structure. To understand the formation and (meta-)stability of the chiral structure, we test the three fundamental elastic deformations of equilibrium nematics. These deformations are described in terms of the Frank free energy Figure 2) . The dots are the calculated components of the local director and the solid lines are sinusoidal fits dy,z = cos (xLy,z/π + φy,z).
In the continuous formulation of a director field e( r), the torque is given by
with V being the sphere of radius around r 1 . Because our SPP have axial symmetry only the component of T ( r 1 ) perpendicular to e( r 1 ), T ⊥ ( r 1 ), contributes. The director field of a perfect twist configuration with a helical axis along the z-axis is given by
Because of the symmetry of the chiral state, we can choose r 1 = 1 0 0
. Using the chiral director field in the integral in Eq. (7) gives a vector parallel to e( r 1 ) which results in a vanishing torque. Hence, the orientation is not changed for the next time step. As the particles are self-propelled, they propagate to
which does not change the value of the x-coordinate and thus the description of the chiral director field still holds. Therefore, the chiral state is not changed by our model but is stable (with a sufficiently small noise value). It is easily verified that perfect bend and splay configurations produce T ⊥ ( r 1 ) = 0. This time, however, a nonvanishing vecT ⊥ is necessary to maintain the bend or splay configuration. Hence, the chiral state is the only stable one. Next, we address the question how it forms. We investigate the evolution of a system with a density of ρ = 1.625 and noise η = 0.78 which shows a very clear chiral pattern with the helical axis denoted by x. The temporal evolution of this chiral state from isotropic is shown in Figure 4 (a). The chiral structure spontaneously occurs and then grows until the full chiral is formed.
To gain insight into the early stage of the formation of the chiral structure, we look into the local fluctuations of the components of the orientation. These are defined as 
The fluctuations of e y at two different times show the general behaviour (see Figure 5 ). This feature can already be found at an early time (t = 800, (a)) with negative values for x close to L (especially where z is close to 0). The role of the fluctuations naturally lead to the question: How strong is the influence on the rest of the system from few particles already in the orientations corresponding to a chiral state. Therefore, we seed the system with some fraction ∆N/N in chiral order while the rest of the particles have random orientations (isotropic). The result of 50 independently seeded simulations (number of particles N = 125000, density ρ = 1, noise η = 0.2) are given in Figure 6 (a). A clear transition from very few evolving chiral states (up to ∆N/N ≈ 0.3%) to a success rate of close to 100% for ∆N/N > 2% is visible. The decrease in the Frank free energy (Figure 6(b) ) at the beginning of the simulations coincides with this transition.
In summary, we have shown that a model of SPP with
